1. Introduction {#s0005}
===============

Idiopathic normal pressure hydrocephalus (iNPH) is a geriatric disease characterized by the triad of gait disturbance, cognitive impairment, and urinary incontinence ([@bb0105], [@bb0195]). The reported prevalence is 0.51--2.9% in the elderly population ([@bb0185]). The symptoms of iNPH can be improved by surgery to create a ventriculo-peritoneal or lumbo-peritoneal cerebrospinal fluid (CSF) shunt ([@bb0170], [@bb0185]), especially in the early stage of the disease ([@bb0040]). However, the reported degree of improvement has varied widely among different case series ([@bb0105], [@bb0225], [@bb0260]). Therefore, a quantitative biomarker that reflects disease severity and predicts treatment response has been sought ([@bb0235], [@bb0285]).

Diffusion MRI has revealed valuable insights into many disorders and age-related changes in the central nervous system by providing quantitative measures of neural microstructure, such as fractional anisotropy (FA), in conventional diffusion tensor imaging (DTI) ([@bb0005], [@bb0065], [@bb0245], [@bb0250]). Generally, neurological disorders are associated with decreased FA, which has been attributed to pathologies such as white matter degeneration, demyelination, and gliosis. The FA increase within the corticospinal tract (CST) in iNPH is an interesting exception ([@bb0115], [@bb0120], [@bb0155], [@bb0175], [@bb0200], [@bb0240]). This phenomenon distinguishes iNPH from other dementia disorders. The FA increase, which is driven by the increase of axial diffusivity (AD), has been speculated to reflect the stretching of neural fibers due to compression by the enlarged ventricle. The axons undulate in the normal physiological state, and stretching (which reduces undulation) increases FA and AD ([@bb0205]). A few studies have reported that the increased FA and AD of the CST tend to normalize after shunt surgery ([@bb0155], [@bb0175], [@bb0240]), consistent with recovery from stretching.

The increased FA in the CST in iNPH contrasts with the decrease in FA in areas outside the CST in iNPH and other chronic neurological diseases ([@bb0120], [@bb0240]); thus, correlating FA with symptom severity or treatment response is difficult. In a previous study, the correlation between CST FA and the severity of gait disturbance in iNPH was weak ([@bb0115]). We hypothesize that FA within the CST in iNPH reflects a mixture of an increase caused by axon stretching and a decrease caused by neurodegeneration. Although axon stretching is expected to be at least partially reversible, the existence of shunt non-responders indicates that part the neuronal damage in the chronic stage of iNPH is irreversible. Although a correlation between AD of the CST and treatment response has been reported ([@bb0155]), relying solely on AD for predicting surgical outcomes is also difficult, because loss of neuronal cells may increase diffusivities in all directions, including AD.

Although FA and other conventional DTI measures are sensitive to many microstructural properties, such as axon density, orientational coherence, and myelination, they are not highly specific to any of these properties ([@bb0150]). Towards more specific quantification of brain microstructure, the trend in diffusion MRI is to develop white matter model consisting of several compartments and to estimate the compartment parameters (orientation, volume fraction, diffusivity, etc.) from the measured signals. For example, the composite hindered and restricted water diffusion (CHARMED) model ([@bb0025]) represented the intra-cellular compartment as impermeable parallel cylinders with a gamma distribution of radii and the extra-cellular compartment as anisotropic diffusion tensor, and provided sensible maps of axon density in vivo. Subsequently, Alexander et al. introduced minimal model of white matter diffusion (MMWMD) to obtain orientationally-invariant measurement ([@bb0015]). However, the long scan time had been the limitation for clinical application of these techniques. Recently, neurite orientation dispersion and density imaging (NODDI) ([@bb0295]) enabled estimation of the intracellular volume fraction (*v*~*ic*~) and orientation dispersion index (ODI) from a clinically achievable scan, and has been widely used to investigate neurological disorders and normal aging ([@bb0060], [@bb0070], [@bb0165], [@bb0180]). Typically, a decrease of *v*~*ic*~ is interpreted as neuronal loss. Irie et al. reported that a decrease of ODI in the CST was more specific to iNPH than an FA increase ([@bb0130]). They also observed that *v*~*ic*~ of the CST was lower in patients than in controls, indicating the potential of *v*~*ic*~ as a marker of chronic damage in iNPH. In this context, we investigated the postoperative changes of these metrics in the present study. If ODI is specific to stretching and *v*~*ic*~ is specific to neuronal loss, ODI should normalize after the surgery, whereas *v*~*ic*~ should not.

Currently available methods of diffusion microstructural imaging rely on simplified models, and parameters of interest are occasionally estimated at the cost of introducing constraints that may be invalid. Among the several constraints for NODDI, the assumption of a single, fixed diffusivity for nervous tissue throughout the whole brain (for human in-vivo studies, 1.7 × 10^− 3^ mm^2^/s) is especially unrealistic in disease conditions like iNPH. Although simplification is required for achieving clinical practicability in both data acquisition and analyses, we need to recognize the biases. To make our observations more convincing, we compared NODDI with another method, white matter tract integrity (WMTI) ([@bb0085]), and looked into the consistency of the results. WMTI is not based on fixed diffusivity values, but rather estimates intra- and extra-axonal diffusivities independently. WMTI contains different assumptions and limitations from those of NODDI, as detailed in [Section 2.1](#s0015){ref-type="sec"}. Finally, neither NODDI nor WMTI explicitly takes axon undulation into account. Alteration of properties not included in the model can influence the output parameters; for example, neurite beading affects NODDI and WMTI metrics ([@bb0255]). To investigate how stretching and axon density affect the estimated metrics, we carried out Monte-Carlo simulation using undulating cylinders as model of axons.

2. Materials and methods {#s0010}
========================

2.1. Theory {#s0015}
-----------

### 2.1.1. The common basis of NODDI and WMTI {#s0020}

Both NODDI and WMTI rely on the popular overarching model that considers the intra-axonal compartment as "stick". In other words, they assume the transverse signal attenuation from the intra-axonal space to be zero. This assumption has been supported by several recent studies that reported diffusion measurement with current clinical MR systems are practically insensitive to the transverse signal attenuation from the intra-axonal space ([@bb0055], [@bb0210], [@bb0215]). As detailed in the [2.1.2](#s0025){ref-type="sec"}, [2.1.3](#s0030){ref-type="sec"}, NODDI and WMTI differ in how they deal with the diffusivities (fixed or estimated), the orientation distribution function (dispersed or coherent), and the number of compartments.

### 2.1.2. NODDI {#s0025}

NODDI describes the diffusion MRI signal as a sum of three non-exchanging compartments:$$S = \left( {1 - \nu_{\mathit{iso}}} \right)\left( {\nu_{\mathit{ic}}S_{\mathit{ic}} + \left( {1 - \nu_{\mathit{ic}}} \right)S_{\mathit{ec}}} \right) + \nu_{\mathit{iso}}S_{\mathit{iso}}$$where *S* is the entire normalized signal; *S*~*ic*~, *S*~*e*c,~ and *S*~*iso*~ are the normalized signals of the intracellular, extracellular, and CSF compartments, respectively; and *ν*~*ic*~ and *ν*~*iso*~ are the normalized volume fractions of the intracellular and CSF compartments, respectively ([@bb0295]). The intracellular, extracellular, and CSF compartments are modeled as sticks with orientation dispersion, anisotropic Gaussian diffusion (tensor ellipsoids), and isotropic Gaussian diffusion, respectively. NODDI mainly focuses on estimating dispersion and uses a single fixed diffusivity value for both intra- and extra-axonal spaces. NODDI also describes axon orientation distribution with a single Watson distribution, and approximates the extra-axonal transverse diffusivity (*D*~*e* , ⊥~) as a function of the intracellular volume and parallel diffusivity (*D*~*e* , ∥~, fixed as 1.7 × 10^− 3^ mm^2^/s), i.e., as *D*~*e* , ⊥~ = *D*~*e* , ∥~(1 − *v*~*ic*~).

### 2.1.3. WMTI {#s0030}

The WMTI model ([@bb0085]) relates diffusional kurtosis imaging metrics ([@bb0140]) to features of white matter microstructure. The intra-axonal volume fraction, also known as the axonal water fraction (AWF), is calculated as:$${AWF} = \frac{K_{\mathit{\max}}}{K_{\mathit{\max}} + 3}$$where *K*~*max*~ is the maximum kurtosis over all possible directions. The diffusion tensors of the intra- and extra-axonal compartments are derived, with diffusion in the intra- and extra-axonal spaces given by:$$D_{a,n} = D_{n}\left\lbrack {1 - \sqrt{\frac{K_{n}\left( {1 - \mathit{AWF}} \right)}{3\mathit{AWF}}}} \right\rbrack,D_{e,n} = D_{n}\left\lbrack {1 + \sqrt{\frac{K_{n} \bullet \mathit{AWF}}{3\left( {1 - \mathit{AWF}} \right)}}} \right\rbrack$$where *D*~*n*~ and *K*~*n*~ are the diffusion and kurtosis, respectively, in a given direction *n*. The intra-axonal diffusivity parallel to axons (*D*~*a*~) is expressed as $D_{a} = {Tr}\left( \hat{D_{a}} \right)$. In the extra-axonal space, the parallel (*D*~*epar*~) and perpendicular (*D*~*eperp*~) diffusivities are defined in an analogous fashion to axial and radial diffusivities (AD and RD) in conventional DTI. The equations assume that *D*~*a*~ ≤ *D*~*e*~ for every direction. WMTI is also based on the explicit assumption of straight coherent fibers, but is regarded as a good approximation for fiber dispersion of up to 30° in clinically relevant scans ([@bb0085]).

2.2. Participants {#s0035}
-----------------

The institutional review board approved this study, and written informed consent was obtained from all participants. Ten patients with iNPH (3 males and 7 females; 75.3 ± 5.1 years old) and 14 age-matched control subjects (4 males and 10 females; 74.3 ± 3.5 years old) were involved. Diagnosis of iNPH was made according to the criteria of probable iNPH, provided by the Japanese Clinical Guidelines for Idiopathic Normal Pressure Hydrocephalus ([@bb0195]). Those who had a history of neurological disease other than iNPH were excluded. All patients underwent lumbo-peritoneal shunt surgery and reported subjective improvement of gait disturbance. MRI was performed before and after the surgery with the same acquisition protocol (see [Section 2.3](#s0040){ref-type="sec"}). The mean interval between the surgery and postoperative MRI was 9 months (ranging from 3 to 17 months). Normal control subjects were required to be \> 60 years of age and free of neurological or psychological diseases.

2.3. Image acquisition {#s0040}
----------------------

Diffusion MRI data was acquired using a 3-T unit (Achieva, Philips Medical Systems, Best, the Netherlands), equipped with an 8-channel head coil. A single-shot, spin-echo echo planar imaging sequence was used with 5 diffusion weightings (*b* = 500, 1000, 1500, 2000, and 2500 s/mm^2^) along 32 non-collinear directions, and 1 *b* = 0 s/mm^2^ volume (TR = 3000 ms; TE = 80 ms; axial slices, 20; matrix, 128 × 128; voxel size = 2 mm × 2 mm × 5 mm; parallel imaging factor, 2; half-Fourier factor, 0.667; NEX, 2; acquisition time, 824 s). The gradient length (δ) and the time between the 2 leading edges of the diffusion gradient (Δ) were held constant (Δ/δ = 39/28 ms).

2.4. Image processing {#s0045}
---------------------

Pre-processing of diffusion data included image denoising based on random matrix theory ([@bb0280]), correction for eddy currents and motions (FSL\'s *eddy*; ([@bb0020]), and correction for B1 bias field based on the *b* = 0 images using N4ITK ([@bb0265]). Publicly available toolbox was used for processing NODDI (<https://www.nitrc.org/projects/noddi_toolbox>) ([@bb0295]) and WMTI (<https://github.com/NYU-DiffusionMRI/Diffusion-Kurtosis-Imaging>) ([@bb0085], [@bb0275]), respectively. Examples of the output maps are shown in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Examples of output maps from NODDI and WMTI. The CST tractography is superimposed on the *b* = 0 images (orange). The pre-operative images are presented in the upper row, while the post-operative images of the same individual are displayed in the lower row. For *D*~*a*~, *D*~*epar*~, and *D*~*eperp*~, the color bar is in the unit of μm^2^/ms. *ν*~*ic*~, *ν*~*iso*~, ODI, and AWF are unitless.Fig. 1

To make the comparison between the two models more intuitive, we translated the estimated metrics as proposed previously ([@bb0135]). From the definition of the 3 compartments in the NODDI model (Eq. [\[1\]](#fo0005){ref-type="disp-formula"}), AWF from NODDI is expressed as *v*~*ic*~(1 − *v*~*iso*~). For WMTI, estimation of the dispersion is represented as:$$\tau_{1} = {\langle{\mathit{\cos}^{2}\psi}\rangle} = \frac{D_{a,1}}{\mathit{Tr}\left( \hat{D_{a}} \right)}$$where *ψ* is the angle of dispersion around the main axis. For NODDI, the relationship between ODI and *τ*~1~ is expressed as:$${ODI} = \frac{2}{\pi}\arctan\left( 1/\kappa \right),\tau_{1} = - \frac{1}{2\kappa} + \frac{1}{\sqrt{\pi}e^{- \kappa}\mathit{erfi}\left( \sqrt{\kappa} \right)\sqrt{\kappa}}$$where *κ* is the concentration parameter of the Watson distribution ([@bb0295]). *τ*~1~ varies from 1/3 for an isotropically dispersed orientation to 1 for a strictly parallel orientation.

2.5. Image analyses {#s0050}
-------------------

Tract-specific analysis of the CST was performed. Using tractography as a volume of interest (VOI), the tract-specific analysis is more reproducible as compared to a simple in-plane region of interest (ROI) measurement ([@bb0045]). From the *b* = 0 and *b* = 1000 s/mm^2^ volumes, we reconstructed deterministic diffusion tensor tractography of the CST and maps of conventional DTI metrics (FA, MD, AD, and RD), using Diffusion Toolkit (<http://www.trackvis.org/dtk/>). The seed was placed in the primary motor cortex, and the target was placed in cerebral peduncle ([@bb0290]). Because previous studies localized the FA increase within the CST ([@bb0120], [@bb0240]), the lower and upper boundaries of the VOI were defined as the internal capsule and the superior longitudinal fasciculus, respectively ([Fig. 2](#f0010){ref-type="fig"}). We note CST tractography and calculation of the DTI metrics used only the *b* = 0 and *b* = 1000 s/mm^2^ volumes for comparability with the previous studies, while newer tractography algorithms ([@bb0095], [@bb0145]) and/or DTI metrics estimation ([@bb0270]) based on multi *b*-value data could have been applied.Fig. 2An example of a volume of interest (VOI) for the tract-specific analyses. The CST tractography (orange) was voxelized, and the segment between the internal capsule and superior longitudinal fasciculus was used as the VOI (purple). The superior longitudinal fasciculus is shown as green (antero-posterior direction) on the color-coded FA map (arrows).Fig. 2

Given the lack of an a priori hypothesis regarding laterality differences, the mean value of the left and right CST was used for statistical analyses. Welch\'s *t*-test was performed to investigate differences between the iNPH patients and the controls. Paired *t*-tests were performed to compare pre- and post-operative values. The significance threshold was set at *p* = 0.05. For comparison with the literature, conventional DTI metrics were also analyzed.

2.6. Monte-Carlo simulation {#s0055}
---------------------------

Virtual diffusion data were generated using a Monte-Carlo random walk simulation implemented in Camino (<http://camino.cs.ucl.ac.uk>/) ([@bb0100]). First, we constructed an undulating cylinder model of axons. The cylinders, which are arranged along the z direction and have diameter of 4 μm, undulate sinusoidally in the x direction ([Fig. 3](#f0015){ref-type="fig"}). The path of the axon is given by:$$f\left( z \right) = \left\lbrack {{\mathit{Acos}\left( {\frac{z}{L}2\pi} \right)},0,z} \right\rbrack$$where *A* is the undulation amplitude and *L* is the wavelength. In the following, the strength of undulation is represented by *λ* (the ratio of the path length in one wave to *L*) instead of *A*, in accordance with a previous study ([@bb0205]). *λ* is equal to 1 in a straight axon and increases with undulation. In this experiment, *λ* was varied from 1 to 1.20, with *L* fixed as 24 μm. The cylinders were hexagonally packed without touching, and the occupation within the space (axonal volume fraction, VF) was varied. Simulations were performed using all combinations of *λ* = \[1, 1.05, 1.1, 1.15, 1.2\], and VF = \[0.4, 0.5, 0.6, 0.7\]. Each simulation consisted of 15,000 spins and 6000 time steps. The free diffusivity was set at 2.0 × 10^− 3^ mm^2^/s.Fig. 3Modelling of axon undulation. A. Each cylinder extends along the z direction and has a diameter of 4 μm. The cylinders undulate sinusoidally in the x direction (A = undulation amplitude). For consistency with a previous study ([@bb0205]), the strength of undulation is represented by λ (the ratio of the path length to the wavelength). λ is equal to 1 in a straight axon, and increases with undulation. B. The cylinders are hexagonally packed, with varying λ and axonal volume fraction (VF).Fig. 3

From the simulated random walks of particles, a virtual MRI signal was obtained using an acquisition scheme equivalent to that used for the human data. After the diffusion metrics were calculated, a variance-based sensitivity analysis ([@bb0255]) was performed to quantify the effects of undulation and axonal volume fraction. A separate analysis of variance (ANOVA) was performed for each derived diffusion metric as the dependent variable, with *λ* and VF as factors. The sensitivity was defined as *S*~*i*~ = *SS*~*i*~/*SS*~*total*~, where *SS*~*i*~ is the partitioned sum of squares explained by factor *i*, and *SS*~*total*~ is the total sum of squares in the ANOVA. The specificity for either *λ* or VF was calculated as *S*~*λ*~ − *S*~*VF*~, where a value of + 1 indicates that the parameter was specific solely to undulation and a value of − 1 indicates that it was specific solely to axonal volume fraction. Statistical analyses of both the clinical and simulation data were performed using R version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria. <https://www.R-project.org>/).

3. Results {#s0060}
==========

3.1. Human data {#s0065}
---------------

In both NODDI and WMTI, *τ*~1~ of the CST was significantly higher in the iNPH patients than in the controls (patients vs controls, 0.84 ± 0.02 vs 0.72 ± 0.04 in NODDI (*p* \< 0.001), 0.80 ± 0.02 vs 0.76 ± 0.03 in WMTI (*p* \< 0.001)) ([Table 1](#t0005){ref-type="table"} and [Fig. 4](#f0020){ref-type="fig"}), indicating a pathological increase of orientational coherence. After the surgery, *τ*~1~ decreased significantly ([Table 1](#t0005){ref-type="table"} and [Fig. 4](#f0020){ref-type="fig"}). With NODDI, AWF of the CST was significantly lower in the patients than in the controls (0.53 ± 0.07 vs 0.63 ± 0.03 (*p* = 0.002)), but the difference did not reach significance with WMTI (0.48 ± 0.06 vs 0.53 ± 0.04 (*p* = 0.06)). No significant postoperative changes in AWF were observed with either NODDI or WMTI. The behaviors of *τ*~1~ and AWF were consistent between NODDI and WMTI, although the estimated values varied between the two. The measures of parallel diffusivity (AD from DTI, and *D*~*a*~ and *D*~*epar*~ from WMTI) were higher in the patients than in the controls, and decreased after the surgery. FA also tended to be higher in the patients and decreased after the surgery as previously reported ([@bb0115], [@bb0120], [@bb0155], [@bb0175], [@bb0200], [@bb0240]), although the differences were not significant in the present study.Fig. 4Box and whisker plots of the diffusion metrics in the normal control subjects and the iNPH patients before (pre) and after (post) surgery. Asterisks (\*) indicate significant between-group differences. In both NODDI and WMTI, *τ*~1~ was significantly higher in the preoperative patients than in the controls, indicating a pathological increase in orientational coherence, and tended to normalize after the surgery, indicating recovery. In NODDI, AWF was significantly lower in the patients than in the controls, which remained unchanged after the surgery. The behaviors of AWF and *τ*~1~ were consistent between NODDI and WMTI, although the exact values differed between the two methods.Fig. 4Table 1Diffusion metrics of the corticospinal tract.Table 1MetricControlsPatients before surgery (*p* value[a](#tf0005){ref-type="table-fn"})Patients after surgery (*p* value[b](#tf0010){ref-type="table-fn"})NODDI AWF0.63 ± 0.030.53 ± 0.07 (0.002)[c](#tf0015){ref-type="table-fn"}0.54 ± 0.07 (0.47) *τ*~1~0.72 ± 0.040.84 ± 0.02 (\< 0.001)[c](#tf0015){ref-type="table-fn"}0.80 ± 0.04 (0.001)[c](#tf0015){ref-type="table-fn"}WMTI AWF0.53 ± 0.040.48 ± 0.06 (0.06)0.49 ± 0.07 (0.86) *τ*~1~0.76 ± 0.030.80 ± 0.02 (\< 0.001)[c](#tf0015){ref-type="table-fn"}0.77 ± 0.03 (0.01)[c](#tf0015){ref-type="table-fn"} *D*~*a*~ (10^− 3^ mm^2^/s)1.09 ± 0.111.29 ± 0.11 (\< 0.001)[c](#tf0015){ref-type="table-fn"}1.22 ± 0.08 (0.03)[c](#tf0015){ref-type="table-fn"} *D*~*epar*~ (10^− 3^ mm^2^/s)2.29 ± 0.192.55 ± 0.20 (0.004)[c](#tf0015){ref-type="table-fn"}2.38 ± 0.13 (\< 0.001) *D*~*eperp*~ (10^− 3^ mm^2^/s)0.81 ± 0.050.87 ± 0.11 (0.12)0.90 ± 0.10 (0.30)DTI FA0.64 ± 0.030.67 ± 0.06 (0.22)0.63 ± 0.06 (0.05) AD (10^− 3^ mm^2^/s)1.27 ± 0.081.53 ± 0.07 (\< 0.001)[c](#tf0015){ref-type="table-fn"}1.42 ± 0.10 (\< 0.001)[c](#tf0015){ref-type="table-fn"} RD (10^− 3^ mm^2^/s)0.38 ± 0.030.44 ± 0.09 (0.08)0.45 ± 0.09 (0.52) MD (10^− 3^ mm^2^/s)0.68 ± 0.030.80 ± 0.08 (\< 0.001)[c](#tf0015){ref-type="table-fn"}0.78 ± 0.08 (0.10)[^1][^2][^3]

3.2. Simulation {#s0070}
---------------

The simulation demonstrated that both NODDI and WMTI have the potential to disentangle the effects of axon stretching and axon density. AWF had high sensitivity and specificity for VF, and *τ*~1~ had high sensitivity and specificity for *λ* ([Table 2](#t0010){ref-type="table"} and [Fig. 5](#f0025){ref-type="fig"}). As assessed visually, the effect of VF on *τ*~1~ was relatively small to that of *λ* ([Fig. 5](#f0025){ref-type="fig"}), suggesting that the *τ*~1~ changes observed in the patients reflect alteration of undulation/stretching, and is not much related to axon packing density. From WMTI, *D*~*a*~ was also specific to *λ*, whereas *D*~*epar*~ and *D*~*eperp*~ were more sensitive to VF than to *λ*. In DTI, FA and AD were sensitive to both VF and *λ*, whereas MD was sensitive almost solely to VF ([Table 2](#t0010){ref-type="table"} and [Fig. 6](#f0030){ref-type="fig"}).Fig. 5Simulated effects of undulation (λ) and axonal volume fraction (VF) on the NODDI and WMTI metrics.Fig. 5Fig. 6Simulated effects of undulation (λ) and axonal volume fraction (VF) on the DTI metrics.Fig. 6Table 2Variance-based sensitivity analyses in the Monte-Carlo simulation.Table 2Metric*S*~*λ*~*S*~*VF*~*S*~*λ*~ − *S*~*VF*~NODDI AWF0.000.98− 0.98 *τ*~1~0.910.020.88WMTI AWF0.020.88− 0.86 *τ*~1~0.570.040.53 *D*~*a*~0.720.060.66 *D*~*epar*~0.090.43− 0.34 *D*~*eperp*~0.080.84− 0.76DTI FA0.310.67− 0.36 AD0.620.330.29 RD0.070.92− 0.85 MD0.010.97− 0.96

4. Discussion {#s0075}
=============

This study demonstrated that the increased orientational coherence of the CST in iNPH tends to normalize after CSF shunt surgery, whereas the decreased axon density remains unchanged. The observations of orientational coherence are consistent with the presumed axon stretching and its recovery. These findings were consistent in the two different models (NODDI and WMTI), although the estimated values varied between the two, as in a previous report ([@bb0135]). The ability of these methods to disentangle the effects of stretching and axon density was confirmed by the simulation experiment. The estimates of orientational coherence and axon density thus appear to serve as markers of reversible and irreversible changes in the CST of iNPH patients. The diffusion simulation experiment was useful for interpreting the clinical results. Recognition of how much the estimates of microstructural properties are affected by factors not explicitly considered by the model increased our confidence in the interpretation. In addition, although NODDI and WMTI appeared able to estimate reversible and irreversible changes separately, MD derived from conventional DTI also seemed to reflect irreversible changes in the patients ([Table 1](#t0005){ref-type="table"}) and was highly sensitive to axon density in the simulation ([Table 2](#t0010){ref-type="table"}). Previous attempts have been made to predict treatment outcome using DTI ([@bb0155]). Although FA and AD were not specific solely to stretching in the simulation, a multi-parametric classification scheme combined with MD may improve the predictive performance.

The present results may also facilitate the interpretation of previously reported findings. For example, using q-space diffusion displacement profiles, Hori et al. reported a postoperative increase in the root mean square displacement in the extra-axonal space ([@bb0125]). They focused on the diffusion perpendicular to the CST, and the present simulation result is compatible with their observation, in that recovery of physiological undulation (increase in *λ*) leads to an increase in *D*~*eperp*~ ([Fig. 5](#f0025){ref-type="fig"}). We speculate that the postoperative change in iNPH is a recovery of undulation, and not relief from dense packing by compaction, because [Fig. 5](#f0025){ref-type="fig"} shows that decreasing VF cannot cause such postoperative decrease in *τ*~1~ as observed in the present patient group.

It should be noted, though consistency between NODDI and WMTI as well as between the clinical data and simulation suggested axon undulation is a good candidate mechanism for the observed changes, we do not yet have conclusive evidence. Microscopically, non-straight, twisted or tortuous axon trajectories have been observed within the CST ([@bb0030]), and the tortuosity decreases with mechanical stretching ([@bb0110]), supporting the undulation/stretching hypothesis. However, undulation is very closely related to dispersion, and the effects from undulation and dispersion are considered indistinguishable by the method we used. Dispersion is almost ubiquitous within the brain even in the relatively coherent structures like internal capsule and corpus callosum ([@bb0035], [@bb0050]). In the present study, comparison between the results from the human subjects ([Fig. 4](#f0020){ref-type="fig"}) and the simulation ([Fig. 5](#f0025){ref-type="fig"}) demonstrates that *τ*~1~ in the normal subjects is lower than even the highest undulation in the simulation (*λ* = 1.2), indicating that undulation in combination with dispersion may be a more complete and realistic scenario. Regarding other candidate sources of diffusion changes, the pathological findings in iNPH are nonspecific ischemia and gliosis ([@bb0010], [@bb0080]) that are associated with decreased FA. This implies increased axon density or myelination is unlikely as a source of the FA increase. Because iNPH is a disorder of CSF circulation, observation of the post-mortem brain may not be enough to detect the pathognomonic changes of the disease. Recently, increased FA and AD within the CST was reported also in Parkinson\'s disease and was interpreted as selective neurodegeneration or a compensatory increase in axon density ([@bb0190]). Our results indicate that the FA/AD increase in iNPH is based on a different mechanism, because the axon density was lower in iNPH than in the controls and did not show any changes that can be related to the partial normalization of FA/AD.

The present simulation experiment has some limitations. To the best of our knowledge, direct quantification of undulation amplitude in the human CST has not been reported. Therefore, we arbitrarily chose the axon radius and the scale of undulation to resemble those described by [@bb0205]. The microscopic, mesoscopic, and macroscopic scales of undulation affect diffusivities, and probably NODDI and WMTI metrics, to different degrees ([@bb0205]). Also, the experiment was conducted in the absence of complex features, such as fiber crossing and heterogeneity in axon diameter and packing density. The undulation was also modeled in a simplified way, in that all axons had a coherent and constant degree of undulation along the entire tract. Complex geometry, such as fiber crossings, may considerably decrease the sensitivity and specificity of the estimated parameters to the microstructural properties of interest ([@bb0255]).

This study had several other limitations. First, we were unable to correlate our imaging findings with symptom severity or treatment outcome, as only a small number of patients were involved and all of them reported postoperative improvements in gait. Second, the present data do not cover the whole brain, although iNPH is associated with widespread microstructural alterations in the brain ([@bb0120], [@bb0155], [@bb0240]). Also, the spatial resolution in the slice direction is low as a trade-off to gain the in-plane resolution and signal-to-noise ratio in a clinically achievable scan time, and hence partial volume effects could be high in this data set. Lastly, solving the intrinsic limitations of NODDI and WMTI is beyond the scope of this study. Although consistency between the clinical data and simulation supported our hypothesis of undulation/stretching, the results still need to be interpreted with caution. Towards a parameter estimation that do not rely on specific fiber orientation, there are emerging approaches that use the rotation invariant (RotInv) feature, including spherical mean technique ([@bb0160]), LEMONADE ([@bb0220]), and Bayesian RotInv framework ([@bb0230]). Another promising direction is to incorporate the time-dependency of diffusion in the extra-axonal space for more precise quantification in the presence of complex features like beading, undulation, and heterogeneity of axon geometry ([@bb0075], [@bb0090]). Recently, Ning et al. proposed PICASO model ([@bb0210]) that captures structural organization with consideration of the time-dependent diffusion by introducing the diffusion disturbance function. The rapid progress in diffusion microstructural imaging is expected to yield deeper insights into the white matter alterations of iNPH in the near future.

5. Conclusion {#s0080}
=============

The pathologically high orientational coherence within the CST in iNPH tends to normalize after shunt surgery, which can be interpreted as recovery from axon stretching. The estimated axon density was lower in iNPH than in controls and remained unchanged after the surgery, suggesting its potential role as a marker of chronic and irreversible neuronal damage. Thus, the present results suggest that diffusion MRI can distinguish between reversible and irreversible changes in iNPH, bringing us closer to a quantitative image biomarker that can predict treatment outcome. As a next step, we are planning a prospective study to investigate the correlations with symptoms and treatment outcome in a larger cohort.
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[^1]: The preoperative values were compared with the controls using Welch\'s *t*-test.

[^2]: Changes in patient values before and after CSF shunt surgery were compared with paired *t*-tests.

[^3]: *p* \< 0.05, significant.
